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SUMMARY

A focused research effort was conducted to examine the technical feasibility of on-chip antennas, on-
chip frequency references and the achievement of adequate power minimization. These three areas
were identified as critical for implementation of large scale integrated RF systems on silicon.

ANTENNA SUMMARY

Technical feasibility of antennas of dimensions small compared to the wavelength of the operating
frequency was investigated. The study targeted alternative antenna structures that could fit into a
uNode marble geometry and operate at either 5.2 GHz or 2.4 GHz. Both off-chip and on-chip options
were examined. The criteria for judging the adequacy of a particular antenna configuration was
achievement of approximately -2 dBi of antenna gain and an input resistance of about 10 ohms or
higher.

Off-chip commercial ceramic antennas were found to require mounting on a printed circuit board to be
usable, and the dimensions of the antenna assembly were incompatible with puNode packaging goals.
The antenna performance was found to be significantly below (~ 6 dB) that given in the manufacturers
data sheet, and was very sensitive to the PCB configuration. Off-chip antennas embedded in a printed
circuit board were more promising, and may be compatible with some forms of uNode packaging. At 5.2
GHz a simple monopole offered 1.1 dBi of gain and 7.35-j45 ohm input impedance — a usable
performance level. At 2.4 GHz the gain was -4.6 dBi and the impedance was 2.5-j204 — both parameters
lower than desired. An experiment using a helical shape for the antenna was successful in raising the
impedance 22+j225, but it did not alter the gain. Like the ceramic antennas, antennas embedded in a
PCB are expected to be sensitive to the board configuration.

On-chip antennas were investigated by constructing 3D models of proposed structures and evaluating
gain and input impedance at the two frequencies of interest. Antenna variations included simple metal
on the top surface of a chip, and metal with an etched out air gap under the antenna. The impact of
encapsulating materials were investigated for the cases of a single layer coating with a relative dielectric
constant of 4, and a double layer coating where the first layer had a dielectric constant of 10 and the
second layer had a constant of 4.

At 5.2 GHz a 7 mm long monopole with a single layer coating was observed to exhibit a gain of -3.8 dBi
and impedance of 22.3-j15 ohms. When a 100 thick air gap was introduced underneath the antenna, the
gain increased to +0.2 dBi and the impedance became 7.9-j96. This confirmed the feasibility of on-chip
antennas for the 5.2 GHz frequency.

At 2.4 GHz the situation proved to be more complex. Single layer coatings over a 7 mm monopole
without an air gap provided -17.9 dBi and 40.7-j158. Introducing a 100 micron air gap resulted in -9.6 dBi
and 8.4-j330. Two layer coatings were tried, and caused the gain to increase and the impedance to
reduce. One two layer simulation yielded -6.0 dBi and 2.2-j113, while a second one yielded -3.5 dBi and
2.8-j94. None of these configurations met the -2 dBi and 10 ohm goal.



The 2.4 GHz investigation was expanded to include the options of loading the antenna in various ways.
An inductive loading approach yielded -7.7 dBi and 4.8-j260 ohms. Combined inductive and capacitance
resulted in -18.26 dBi and 170-j194 ohms. It was concluded that achievement of the desired gain and
input resistance within the size constraint would require considerable optimization that must combine
both material and geometric variables. This work was beyond the scope of this seedling effort.

The option of using on-chip patch antennas at 60 GHz was briefly examined. The study treated a simple
patch structure that employed BCB as the dielectric between the patch and the ground plane. An
exploratory simulation study investigate a particular geometry with varied dielectric thickness, and
noted that performance improved as the thickness increased. Using that initial simulation information a
specific patch geometry was defined and simulated in some detail. The resultant gain was 4.9 dBi with
an input resistance of 178 ohms. The research provided illustrative diagrams of the patch structure on
the top surface of a chip, and showed the nature of the post CMOS processing necessary to form the
patch. It was concluded that on-chip patch antennas operating at high frequencies were not only
technically feasible, but are capable of superior performance.

FREQUENCY REFERENCE SUMMARY

Node to node communication requires that the transmitting frequency and the receiver capability of
decoding the transmission be compatible. In general, the frequency references on each chip must be
close to the same frequency and stable over the operating temperature and supply voltage variation
ranges. The usual way of coping with this restriction is to use an off-chip crystal to stabilize each
oscillator. In the uNode the size and cost of an off-chip crystal cannot be tolerated. A technique called
“differential chip detection” (DCD) was used in a 24 GHz uNode design to relax the required stability
specification for the reference oscillator so that the option of using an on-chip oscillator could be
considered. This research examined the feasibility of DCD at 5.2 and 2.4 GHz by designing and simulating
a digital processor to perform this function. The design relaxed the frequency requirement to the point
that £100 ppm frequency variation could be allowed.

An on-chip reference oscillator design was performed and simulated using 130 nm CMOS. The design
featured resources that facilitated a onetime calibration of the frequency within £10 ppm, and provided
a dynamic correction of variations due to temperature such that £100 ppm could be readily achieved.
The temperature compensation scheme would also support achievement of £25 ppm stability if the
stored compensation curve were more elaborate. A final simulation of the overall reference system
confirmed the capability of the system to achieve the required stability, and it was concluded that the
on-chip reference was technically feasible.

POWER MINIMIZATION SUMMARY

Studies were performed to determine the feasibility of a 5.2 GHz or 2.4 GHz uNode design that could
operate in receive mode or transmit mode with a power dissipation of 5 mW when implemented using



65 nm CMOS. Trial designs were prepared for all of the functional blocks within a uNode and simulations
were performed to obtain power estimates. For some parts of the uNode the procedure was
complicated by the lack design libraries for the 65 nm process, and 130 nm simulations had to be
substituted. It was then required that the 130 nm estimates be scaled to represent what could be
achieved at 65 nm. The sum of all the individual block power estimates was 5.2 mW for receive and 5.0
mW for transmit. Since the circuit designs prepared for this study were not optimized, it was concluded
that achievement of 5 mW in a future design was technically feasible.

INTRODUCTION

The Integrated Micronode (uNode) program was awarded 4 June 2008 to the University of Florida (UFL)
Silicon and Microwave Integrated Circuits and Systems (SiMICS) group in the Department of Electrical
and Computer Engineering for the purpose of rapidly exploring key feasibility issues associated with
establishment of self contained RF subsystems in silicon technology.

SEEDLING OBJECTIVES/FOCUS

Three critical feasibility issues were to be examined: antenna implementation, communication
frequency reference implementation, and power minimization.

Antennas are a necessary part of all RF communication subsystems, and antenna realization in such a
manner as to avoid wired connections that go off-chip would be a definite plus. In addition, practical on-
chip antennas would facilitate realization of systems that require multiple antennas such as ULSI imaging
devices. This research examined the capabilities of on-chip antennas formed using normal metallization
layers available in standard CMOS processes in combination with inexpensive post CMOS fabrication
steps such as addition of thicker metal and dielectric layers, and silicon etching. Another aspect of the
antenna research was to examine the nature and limitations of small off-chip antennas, and compare
that option with the capabilities of on-chip antennas.

When RF subsystems communicate with each other they typically share a common carrier frequency,
and it is necessary that the frequencies generated on the separate radios be very close to one another.
A common solution is the utilization of off-chip crystals to force the separate oscillators to establish and
maintain frequency references within a tight tolerance. For subsystems with a minimum cost and
physical volume objective, the use of such off-chip components is objectionable. For systems that may
employ a large number of communication nodes, the cost difference may make many applications
unaffordable. For systems that are intended to be semi-covert, the size difference may be such that the
node becomes obvious to a casual observer. It was one objective of the research to explore the
potential of a technique called “differential chip detection” to relax frequency tolerance requirements to
such an extent that on-chip, non-crystal stabilized, oscillators can be used to implement an adequate
reference.

Power minimization is a desirable universal goal for all battery powered devices. The classic trade
between unit size, available operating time, and choice of battery, dominates designs where small size is



desirable. It was an objective of the research to explore power minimization within the essential
functional blocks of a practical silicon RF transceiver.

The overall goal of the research was to provide a factual basis for judging the technical and practical
feasibility of realizing complete RF subsystems (or multiple subsystems) on single silicon chips.

MICRONODE RESEARCH VEHICLE

The seedling objectives were to explore the feasibility of designing and fabricating practical antennas,
frequency reference circuits and very low power integrated RF subsystems on silicon. Feasibility implied
more than working thorough just one special case design, so it was important that the research vehicle
allowed verification of capabilities that are applicable to a broad range of RF integrated circuits on
silicon. A single chip ultra small communication node was believed to have such general validity. The
device was called a micronode (uNode).

A pNode requires all elements of RF transmitter and receiver subsystems including frequency reference
circuits and digital baseband signal processing circuits. Because it is implemented on mainstream
affordable CMOS it offers low cost and high levels of integration. This particular circuit has the additional
advantage of offering a level of performance that can be exploited in a number of vital military
applications including sensor networks and short range communication aids.

In this seedling effort the criterion for achievement of “feasibility” was the demonstration through
simulation and analyses that uNode CMOS designs can provide acceptable performance in the end
product. “Acceptable performance” is, of course, not an absolute thing. It can only be defined in the
context of the application requirements. Specifically, UFL proposed to use single chip micronodes
(uUNodes) operating at 2.4 GHz or 5.2 GHz as the vehicle for the research. A uNode device, the
approximate size of an M&M™ candy, capable of node to node communication distances of 20 m, and
node to base station communication distances of 1 km was the target.

Work at UFL over the past decade established a significant technical base for uNode technology. All of
the functional blocks required for a uNode operating at 24 GHz were previously defined and
demonstrated in 130 nm CMOS. For the purposes of the research reported here, major portions of the
existing 24 GHz design were scaled down to 2.4 GHz and retargeted from 130 nm CMOS to 65 nm CMOS.
The 10x frequency reduction allowed the use of much simpler radio architecture with a resultant power
and chip area saving.

The target size of the uNode assembly was a sphere with approximately 11.5 mm diameter, 0.8 cm?
volume and 0.8 grams mass which was just about the size of an M&M™. The target power dissipation
was 5 mW when operating. More than one year of life was projected when operated at a 0.1% duty
cycle. The desired procurement price was less than $2. A concept sketch for one packaged version of a
MNode assembly was presented in Figure 1. Here the uNode chip with on-chip antenna was mounted on
top of a battery. The off-center mass of the battery within the sphere causes the marble to self orient
with the antenna pointing upward.
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Figure 1: uNode marble assembly concept

METHODS, ASSUMPTIONS, AND PROCEDURES

The research goal was to examine the technical feasibility of only three aspects of pNode technology in
a rapid response manner with a minimum expenditure of funds. The investigations were limited to
simulations and analyses. No integrated circuit fabrication or extensive experimental activities were
undertaken. Samples available from previous research were made use of where available, and some
inexpensive measurements were performed where appropriate. The primary antenna modeling tool was
HSSS from Ansoft. The 3D full-wave electromagnetic field simulation HFSS™ tool provided by the Ansoft
division of Ansys, Inc. was used to simulate alternative antenna configurations.



ANTENNAS

The function of an antenna is to radiate or receive electromagnetic waves. The pNode goal of achieving
dimensions approximately the size of and M&M™ candy forces the antenna to be small, and such an
antenna necessarily has a small capture cross section. While an antenna can be formed by metal
structures either on or off the silicon chip, the lowest cost and smallest overall assembly size is achieved
by using on-chip structures formed using the normal metallization layers available in a mainstream
CMOS process. On the other hand, an on-chip antenna must operate in the presence of losses
associated with the silicon substrate and thin metal lines; a problem that off-chip antennas can to some
degree avoid. The technical feasibility of an on-chip antenna operating at 5.2 GHz or 2.4 GHz depends on
achievement of adequate antenna gain and reasonable impedance match between the antenna and
transceiver circuits. Antenna gain can be expressed as: G=4T1n A/N’. Here G is the antenna gain, nis
antenna efficiency, A is the effective antenna area that is dependent on direction and A is the
wavelength of the signal.

For the uNode application, system level studies established -2 dBi as a criterion for acceptable on-chip
antenna gain. That is, the antenna was required to exhibit gain no worse than 2 dB below that of a
lossless isotropic antenna. Achievement of adequate gain requires a good level of understanding of the
factors contributing to antenna losses and the impact of antenna structural features.

The requirement for antenna input impedance was somewhat flexible in that it was associated with the
capabilities of the transmitter power amplifier. A real value for the antenna input impedance of about
10 ohms or higher was desirable in order to achieve a reasonable impedance match. The simulation tool
employed in this investigation automatically provided scattering parameter S;; and input impedance.
Figure 2 presents a simple equivalent circuit for the antenna where conduction and dielectric losses
have been lumped together as a single resistor R.q, and the equations for input impedance and |Sy;| are
summarized. The present assumption is that the transmitter source impedance is 50 ohms, but that
impedance will actually be determined later when the chip design is finalized.

One important aspect of the feasibility of on-chip antennas was the relative size of the antenna versus
the signal wavelength. Obviously it was desirable that the electrical length of antenna be comparable to
a half or quarter wavelength so that the natural resonances of the antenna could be exploited. Free
space wavelength is simply Ay = ¢/f where c is the speed of light and f is the frequency. Table 1 shows
that at the 2.4 and 5.2 GHz frequencies the quarter wavelength approaches practical dimensions for on-
chip antennas. At higher frequencies, such as 60 or 90 GHz, quarter wave antennas are certainly
compatible with practical chip dimensions. Of course, the free space wavelengths can be adjusted by
inserting materials with a high dielectric constant around the antenna (i.e. A = Ay /Vg,), and this was one
approach that was considered. In any case, in the normal process of packaging a uNode some materials
with a dielectric constant greater than air (typically about 4) would be used to protect the assembly, and
even higher permittivity materials can be added to further adjust the effective wavelength.
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Figure 2: Simplified antenna equivalent circuit for transmit mode

Table 1: Free space wavelengths versus frequency

Frequency Wavelength Quarter Wave
(GHz) Ao (Mmm) Ao (mm)
1.8 166.7 41.67
2.4 125 31.25
5.2 57.7 14.425
10.0 30 7.5
60.0 5 1.25
90.0 3.3 0.833

In this research several approaches were studied to reduce antenna size while maintaining critical
performance. As a starting point, some external (off-chip) commercial chip antennas were studied and
characterized. Specifically, ceramic antennas that can be attached to a substrate were examined.
Another off-chip antenna approach, formation of the antenna within a printed circuit board using
normal metal line and via technology, was also investigated. The research then proceeded to use
simulation to investigate alternative ways of preparing on-chip antennas.

The issue that dominated this antenna study was how to get acceptable performance from an antenna
that could fit into the M&M™ size target for a uNode. Several common approaches to reducing antenna
size were studied. One method was to introduce dielectric loading to adjust the wavelength -- both
single and double dielectric layers. First the single-layer dielectric coating for on-chip antennas was
investigated and found to be satisfactory for operation at 5.2 GHz, and then the more difficult problem
of working at lower frequencies was treated. Operation at 2.4 GHz was examined using double-layer
dielectric coatings. In addition, other techniques, such as schemes for loading the antenna inductively or
loading using both inductive and capacitive elements (i.e. slow wave structures), were investigated.
Finally the research briefly examined some aspects of antennas operating at higher frequencies such as
60 GHz.



OFF CHIP ANTENNAS

COMMERCIAL CERAMIC ANTENNAS

Off the shelf commercial antennas are available for operation at 2.4 GHz, but only a few of them
approach the small size needed for the uNode application. Even when the antenna itself is quite small,
the device must be attached to a printed circuit board (PCB), and the combined assembly size is in
conflict with the size objective of the uNode.

The chip antenna, AN3216, from the Rain Sun Company was procured, studied and characterized. Figure
3 shows the chip antenna and a manufacturer recommended PCB. While the chip antenna had a
reasonable size, the 35 x 50 mm PCB was objectionable.

Top view Bottom view

50 Ohm s -
Transmission line i i
3.2mm \ -
1

=
i Ground Plane
‘__.—'_'_'_'_

1.6 mm

L)
Unit : mm

Board thickness: 0.6mm = E+— SMA connector

Board material : FR4

Figure 3: Chip antenna and recommended PCB.

The electromagnetic influence of PCB size was investigated by preparing several alternative boards and
performing measurements and simulations. Figure 4 shows antennas with different PCB sizes and the
return loss characteristic of each one. As indicated in the figure, both tuning frequency and return loss
vary with the overall size of the PCB. Because a large PCB was required to achieve the desired operating
characteristics at 2.4 GHz this approach was not suitable for use as part of a small puNode.

Additional measurements were performed to explore the antenna-PCB assembly performance. Figure 5
shows the antenna pair gain (G,) for these devices. Also, the antenna gain was estimated from this
measurement result. In this figure, two antenna-PCB samples (sample #1 and #4) were used for
comparison.

The antenna pair gain (G,) was computed using equation 1-1.
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Figure 4: Chip antennas with different PCB sizes and return loss characteristic.
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Figure 5: Antenna pair gain (G,) measurement setup and result.



The measured loss due to the fixtures was added back to the overall gain measurements to correct for
set-up loss. It was observed that the antenna pair gain (G,) of the antenna was lower than the ideal case
specified in the datasheet. This further confirmed the conclusion that this class of antenna would not be
suitable for use in small uNode devices.

ANTENNAS IMBEDDED IN A PRINTED CIRCUIT BOARD

Metal line and via technology can be used to form an antenna structure on a printed circuit board. The
merit of using a PCB antenna in a uNode application depends to some extent on the nature of the
particular application. If a particular sensor or other component is required that cannot be
accommodated on the pNode chip, a PCB of some type may be needed to serve as the base of the
assembly. In this case, the PCB is an essential overhead item, and using it as the antenna platform comes
almost for free. The PCB antenna, of course, would not have silicon substrate losses as in the case of the
on-chip antenna.

To examine the potential for the PCB alternative in the uNode marble configuration three simulation
models were constructed as shown in Figure 6. Table 2 presents the structural details for each model
and the simulation results at 5.2 GHz and 2.4 GHz.

(b)

Model of on-chip PCB monopole model PCB coil antenna
monopole where silicon with chip mounted on model with chip
was replaced by FR-4 the board mounted on the board

Figure 6: Three printed circuit board antenna simulation models

Table 2: PCB antenna models and simulation results

Antenna Metal PCB Encapsulation 5.2 GHz 2.4 GHz
# | Thick | Length | Width | Thick | Length | Width | Diam | Height | Gain | Impedance | Gain | Impedance
mm mm mm mm mm mm mm mm dBi ohms dBi ohms

a | 0.035 7 0.12 | 0443 | 7.28 0.5 3.8 10 16 | 6.6-j325 | -35 | 1.7-j171

b | 0.035 6 0.12 | 0443 | 7.28 3.5 3.8 10 1.1 7.35-j45 | -4.6 | 2.5-j204

c | 0.035 31 0.1 1 7 7 7.5 10 -3.7 | 4.9-91.3 | -4.8 | 22+j225

The model concept was to approximate the uNode electromagnetic environment by positioning the PCB
perpendicularly to a metal cylinder that represented a coin battery. The PCB substrate was specified to
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be FR-4, and its relative dielectric constant was taken to be 4. In addition to the PCB structure, the
models incorporated a cylindrical solid that surrounded the PCB to approximately represent an
encapsulating material.

Model (a) consisted of a simple 7 mm long straight wire monopole on the PCB surface encapsulated
within a cylinder (3.8 mm diameter, 10 mm high) with an €, of 4. Since the encapsulating material was
assumed to have the same properties as the PCB, the dimensions of the PCB are not relevant to the
model (i.e. the encapsulation simply acts as an extension of the PCB material). At 5.2 GHz both antenna
gain (1.6 dBi) and the real portion of the impedance (6.6 ohms) of this non-optimized structure appear
to be usable. At 2.4 GHz the gain (-3.5 dBi) and the real portion of the impedance (1.7 ohms) do not look
promising, and further optimization is needed.

Model (b) was intended to provide a more realistic representation of a uNode configuration. Here a
silicon chip was included at the base of the antenna to represent the puNode device, and the width of the
PCB was increased to 3.5 mm to provide a platform for the chip and a ground reference pattern. The
length of the antenna metal was reduced to allow space for the die and metal and still remain within the
nNode marble envelope. As a result of these changes the antenna gain dropped slightly (down 0.5 dB to
1.1 dBi at 5.2 GHz, and down 1.1 dB to -4.5 dBi at 2.4 GHz), and the real portion of the impedance
increased slightly (up by 0.8 ohms to 7.4 ohms at 5.2 GHz, and up by 0.8 ohms to 2.5 ohms). As in the
case of model (a), operation of this simple monopole at 5.2 GHz looks like it has some potential, but
both the gain and the impedance at 2.4 GHz need a good bit of improvement. The small size of these
antennas relative to the quarter wavelength prevents them from taking advantage of resonance effects.

Model (c) departed considerably from the simple straight wire approaches of the first two models. A
helical shaped structure was used to increase the effective length of the antenna without requiring a
longer PCB. The helical coil was formed by metal lines on both sides of the PCB connected by through
the board via metal. The simulated structure was intended to approach resonance at 2.4 GHz which
would occur in a folded structure at approximately a 31 mm total line length (approximately twice the
15.6 mm wavelength in an g,=4 material). The helical design did not change the 2.4 GHz gain very much
(down by 0.2 dB from the (b) model to -4.8 dBi), but it did greatly improve the real portion of the input
impedance (up by 19.5 ohms from the (b) model to 22 ohms).

While none of the models achieved the uNode design target of > -2 dBi gain combined with a real
portion of the input impedance of about 10 ohmes, all of them indicated that satisfactory operation could
be achieved at 5.2 GHz with little optimization effort. The helical PCB antenna offers the best approach
for achieving satisfactory operation at 2.4 GHz. The simulation confirmed that adequate input
impedance can be achieved, and it is expected that some refinement in the definition of the helical coil
can raise the gain.
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ON-CHIP ANTENNAS OPERATING AT 5.2GHZ

The characteristics of on-chip antennas were explored for a specific geometric Chip
configuration and a specific antenna length. That is, the uNode marble
configuration with the approximate size of an M&M™ candy was taken as
defining the desired geometry. Figure 7 points out the critical elements within
the marble that must be represented. A series of simulation models were
constructed assuming a fixed length of 7 mm for the metal antenna, and an Battery
antenna location perpendicular to a metal cylindrical surface that represents the Shell

Figure 7: uNode marble
elements

battery. In addition, the models included treatment of the impact of possible
encapsulation materials that would fill the internal portions of the shell. The
model structure included a battery (230-um thickness, 1-cm diameter), a 7-mm linear monopole on-chip
antenna with 30-um metal width, and a 20-Q-cm silicon substrate (100-um thickness). The metal
(Aluminum) thickness was 3 um. The silicon dioxide thickness was 3 um.

ANTENNAS WITH A SINGLE LAYER DIELECTRIC COATING

From the viewpoint of having a desirable antenna pattern, the simple monopole has many advantages
for uNode type applications. Where ever the antenna can be oriented vertically relative to the ground
plane, the monopole offers good range and a circular non-directional characteristic. Since the simplest
monopole is a straight wire, it also is most economical in use of chip surface area. Over the past decade
the UFL research team established a significant body of experimental and analytical data that confirmed
excellent performance for on-chip monopoles in uNode type applications. To explore the range of
performance achievable by a simple monopole within the dimensional constraints of a uNode marble
geometry, six models were prepared and simulated at 5.2 and 2.4 GHz. Table 3 summarized the
attributes of each model and presented the gain and input impedance data for each frequency. Figure 8
shows the structural details common to all the models.

Table 3: On-chip antenna with single layer dielectric simulation results

Air Silicon Encapsulation Gain Impedance
# | Metal | Antenna | Gap | Thickness e =4 H=8 mm dBi ohms

um um r 24GHz | 5.2GHz | 24GHz | 5.2 GHz
1| PEC None +1.3 +1.9 0.8-j811 | 4.9-j320
2| Al 7mm | None None -1 +1.1 1.4-j800 | 6-j320
3| PEC 30 um D1=5mm -1.6 +1.7 0.9-j228 | 5.4-j32
41 Al 3 um 100 D1=3 mm -17.9 -3.8 40.7-j158 | 22.3-j15
5] Al 100 | (20 0-cm) D1=2 mm -9.6 +0.2 8.4-j330 | 7.9-j96
6| Al D1=6 mm -8.1 -0.1 4.3-j223 | 6.9-j55
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Figure 8: On-chip antennas with single-layer dielectric coating.

Model #1 was intended to establish an idealized baseline for the small antenna without any losses. The
metal trace was specified to have zero resistivity (i.e. perfect electrical conducting (PEC) metal), and was
hanging unsupported in free space (i.e. no air gap under the metal and no silicon substrate). The
idealized antenna shows adequate gains but low input impedance at both frequencies

Model #2 introduced a realistic metal (aluminum) into the model configuration. As a result the gain
degraded and the real portion of the impedance increased. The introduction of metal losses reduced the
gain at 5.2 GHz by 0.8 dB down to +1.1 dBi while the real portion of the impedance increased by 1.1
ohms to 6 ohms.

Model #3 introduced an encapsulating material into the ideal Model #1 configuration. This 5 mm
diameter cylinder of FR-4 (relative dielectric constant assumed to be 4) was expected to alter the
effective wavelength thus changing any resonance effects, and to introduce losses in the material.
Referring back to Table 1, the free space quarter wavelength at 5.2 GHz is about 14.4 mm. In a material
of €,=4 the effective quarter wavelength should approach 7.2 mm. The simulation results at 5.2 GHz
were +1.7 dBi and 5.4-j32 ohms. The encapsulation material losses degraded the gain by 0.2 dB and
increased the real portion of the impedance by 0.5 ohms.

Model #4 was the first realistic configuration. Here aluminum metal, a silicon substrate and a coating
material was included. The diameter of the coating cylinder was reduced to 3 mm from the 5 mm used
in Model #3, so the results are not directly comparable. At 5.2 GHz the results were -3.8 dBi and 22.3-
j15. This was lower gain than desired, but still a usable value that could readily be improved. Model #5
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introduced an etched air gap underneath the antenna in order to reduce silicon losses. It also used a 2
mm diameter coating. The air gap improved the gain to +0.2 dBi and altered the impedance to 7.9-j96.
This combination meets the uNode target of > -2 dBi and real portion of the input impedance of about
10 ohms. Model #6 repeated the conditions of Model #5 with an increase of the coating cylinder
diameter from 2 mm to 6 mm. This change reduced the gain by 0.3 dB to -0.1 dBi, and altered the input
impedance to 6.9-j55.

These simulation exercises for fixed antenna length with single layer coatings demonstrated the
complex interplay between antenna gain and input impedance when measures are taken to reduce
losses. Etching out the silicon substrate under the antenna improves gain but degrades the input
impedance for matching purposes. The simulation results did confirm that a small simple monopole on-
chip antenna can be made to work at 5.2 GHz in a uNode marble type configuration.

ON-CHIP ANTENNAS OPERATING AT 2.4GHZ

The six models of single layer encapsulated 7 mm long antennas were also simulated at 2.4 GHz, and as
shown in Table 3 the antenna gains for the practical configurations (Models 4, 5 and 6) were far below
the -2 dBi design target. It was concluded that measures beyond the single coating with an air gap would
be required to achieve desired performance. The first option explored was the use of two layers of
encapsulation for the purpose of altering the effective length of the antenna.

ANTENNAS WITH TWO LAYER DIELECTRIC COATING

A series of four models were constructed to examine the potential for double layer coatings as a method
to achieve acceptable operation at 2.4 GHz. Figure 9 shows the structural details of the models. The
concept was to use a first coating that has a high dielectric constant combined with a second coating
that represented typical packaging encapsulants. The second layer also acts as an impedance
transformer designed to maximize transmission and minimize reflections at the interfaces.
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Figure 9: On-chip antennas with double-layer dielectric coating.

The structure includes a battery (230-um thickness, 1-cm diameter) and a small linear type on-chip
antenna with 30-um metal width and 20-Q-cm silicon substrate (100-um thickness). The metal (copper)
thickness is 3 um. The silicon dioxide thickness is 3 um. The first coating cylinder is the material with
permittivity of 10 and diameter of 2.4 mm. The permittivity for second coating cylinder is 4 and the
diameter is 7.8 mm. There is a 100-um air gap underneath the silicon dioxide layer. Table 4 presents the
simulation results.

Table 4: On-chip antenna simulation results for antenna with double-layer dielectric coating

i i - Coating 1 | Coating 2 .
# | Metal | ANtENNA é\e'\[) SIT%Zigk?]le:) g =1% € =2 Gain | Impedance
mm r r dBi ohms
pm um mm mm
1| PEC 7 None None D2=78 | 0.1 0.5-j97
2| Cu 100 100 D1=2.4 H=10 -6.0 | 2.2-j133
3| PEC 10 None None ' D2=7.8 | 0.3 1.1-j67
4| Cu 100 100 H=115 | -35 2.8-j94

Model #1 showed the gain and impedance achievable for a 7 mm long antenna without metal and
silicon substrate losses. The gain of 0.1 dBi was acceptable, but the 0.5-j97 ohm impedance was difficult
to match. As shown in Model #2, including metal and silicon losses deteriorated the gain down to -6 dBi
and increased the impedance to 2.2-j133. Note that the double coating was effective in raising the gain
versus the gain achievable with one coating (i.e. -6 dBi double coating versus -8.1 and -9.6 for single
coatings).
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Models #3 and #4 examined the impact of increasing the antenna length to 10 mm. The height of the
coatings had to be increased to 11.5 mm to accommodate the larger antenna. The idealized Model #3
showed a 0.3 dBi gain, and 1.1-j67 ohm impedance. Model #4 which included metal and silicon losses
showed a gain of -3.5 dBi and impedance of 2.8-j94 ohms.

These four models confirmed that performance at 2.4 GHz could be improved by using a double coating
approach, but the desired target gain of >-2 dBi was not achieved for the permittivity levels investigated.

Before concluding the investigation of double layer coating potential it was decided to examine the
option of using a higher permittivity first coating and modification of the second level coating to
represent the spherical shape of the uNode marble. Figure 10 shows the structure and Table 5
summarized the data.

~, Second coating

SSDL - —"" (spherical)

Figure 10: On-chip antennas with spherical coating.

This brief exercise showed a gain of -7.1 dBi at 2.4 GHz. Since this gain was slightly lower than the
simpler lower dielectric €, (10 versus 50) of Model #2, this line of investigation was terminated in favor

of more promising approaches.
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Table 5: Antenna gain for high permittivity first coating and spherical second coating

Air | Si (20 0 Coating 1 | Coating 2
# | Metal | Antenna Ge:r EI'(hickn;lesn) cylinder | sphere | Gain | Impedance
mm b =50 | g=2 | dBi| ohms
pm pm
mm mm
1| Cu 7 40 100 D1=2.4 D=14 -7.1 2.2-j133

ANTENNAS WITH INDUCTIVE LOADING

Figure 11 shows two antenna structures with inductive loading. Both antennas have the same physical
length, and both were loaded on the end with an inductive coil. The body of one antenna was a straight
metal line, and the other antenna employed a meander-line shape. These antennas were also covered
by a single-layer dielectric coating.
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Figure 11: Antennas with inductive loading.

Table 6 shows the simulation results for these antennas. These devices exhibit performance slightly
better than the previously modeled single coating 7 mm antennas.

Table 6: Simulation results for antennas with inductive loading.

Metal Air Sj Coatin Gain Impedance
# Antenna | Gap | ., . N9 | @2.4 GHz | @2.4 GHz
Al (3pum) thickness e=4 .
pum dBi ohms
1| Meander | 7 mm 100 100 pm | H=8 mm -7.5 4.6-j197
2| Linear | x30pm 20 Q-cm | D1=5mm 7.7 4.8-j260
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ANTENNAS WITH BOTH CAPACITIVE AND INDUCTIVE LOADING

In this approach, the antenna is loaded with both capacitive and inductive elements. This structure of
antenna is also called "slow-wave structure". Figure 12 shows the slow-wave antenna.

Figure 12: Slow-wave antenna.

The slow-wave antenna consists of inductive loops for the top layer and capacitive patches for the
bottom layers. This provided inductive and capacitive loadings for the antenna. A ground shield was
included underneath the signal pad.

Table 7 presents simulation results for some slow-wave antennas and some slow-wave antennas
connected with linear antennas (for increasing the antenna length). The slow-wave structures give
higher input impedance but antenna gain is lower. This is because most of the impedance comes from
the loss (from silicon substrate, dielectric, antenna material and etc.).

Table 7: Simulation results at 2.4 GHz for slow-wave antennas.

Air | Silicon | Coating 1 | Coating 2 Gain Impedance
# Metal Antenna Gap | 20 Q-cm =10 &=4 . P
dBi ohms
pUm gum mm mm
1 6 mm slow wave H=10 -18.26 170+j194
Cu2um _ D2=7.8 : )
| Allum D1=24 115
2 6 mm slow wave | 100 100 D2=7.8 | 16:01 191-j424
3 PEC 2 um . mm+linear None Hl\icﬂes -16.14 | 14.22-j294.53
4 | PEC 1 um D1=2.4 D£=7.8 -6.31 | 9.88+j189.87
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ON-CHIP ANTENNAS OPERATING AT 60 GHZ

For some uNode applications it may be desirable to operate at higher frequencies where the smaller
wavelengths are conducive to forming on-chip antenna arrays. For such cases the patch antennais a
popular choice because of design flexibility. Microstrip patch antenna can be planar or conformal, can
be fed in numerous configurations, and are compact. Figure 13 shows the cross section of a microstrip
patch antenna formed on the top surface of an integrated circuit. Typically the “patch” is a rectangular
metal pattern located over a larger ground plane metal separated by a dielectric material.

Patch Antenna

BCB /— GND Plane
CMOS Chip

Pad (Feed) Pad (GND)

Figure 13: Cross section of patch antenna formed on a CMOS chip

Antenna performance depends primarily on the dielectric constant and thickness of the material
between the patch and the ground plane. Thicker and lower index materials are needed to achieve a
higher antenna gain and bandwidth. A Dow Chemical polymer, BCB (Benzo-cyclo-butene), was used for
the design investigated here due to its low dielectric constant (g, = 2.65) and low loss (tand = 0.0008).
BCB resins have been used in a wide variety of electronic applications, including silicon and compound
semiconductor passivation, interlayer dielectric, flat panel display, IC packaging, integrated passives,
MEMS, wafer bonding and 3D integration, and optoelectronic components.

This investigation was conducted in two stages. First a preliminary design was carried out to explore the
approach, and then that data was used to establish a final design. Figure 14 summarized the preliminary
design of the patch antenna.

The patch geometry was initially configured using PCAAD, and then the antenna parameters were
simulated using a 3D electromagnetic simulator (HFSS™). Five different substrate thicknesses (H_sub)
were simulated. As shown in the table included in Figure 14, antenna efficiency dropped significantly as
the thickness was reduced. A thickness of 50 um was selected for the final antenna design considering
radiation efficiency and fabrication feasibility. An aluminum thickness of 2 um was used for both the
patch and the ground plane metal.
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Target fr [GHz] 60

L gnd L_patch [mm] 1.85
W_patch [mm] 1.52
Cond_patch [S] | 3.8E+07 (Aluminium)
t_patch [um] 2
L_gnd [mm] 3.7
W_gnd [mm] 3.04
Er_sub 2.56 (BCB)
Loss tan_sub 0.002 (assumed)
H_sub [um] 25 50 75 100 | 200

Directivity [dB] | 6.86 | 6582 | 6.78 | 7.00 | 658

Gain [dB] 177 | 468 | 555 |6.13 |6.16
Eff [%] 310 [611 |[713 |s817 | 899
fr [GHz] 59 585 | 58 57 56

Rin @fr [ohm] 82 178 200 213 220

Figure 14: Preliminary design of the on-chip patch antenna

Figure 15, Table 8 and Figure 16, respectively present the final design parameters and simulation results.
An inset microstrip was designed to match the antenna to the feed-line impedance (50 ohms). The
simulated resonant frequency of the antenna was 59.6 GHz. The antenna minimum return loss was 32
dB, and the impedance bandwidth was —10 dB of 0.9 GHz (1.5 %). The simulated maximum gain was 4.9
dBi at 60 GHz with a radiation efficiency of 62 %.

L_sd

Si substrate (300 yna)

Figure 15: Final design of the on-chip patch antenna.
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Table 8: Patch antenna final design parameter and simulation results

fr (GHz 59.6 W feed (um) 138
L patch (mm) 1.85 L ground (mm) 3.7
W patch (mm) 1.52 W ground (mm) 3.04
Conductor patch (S) | 3.8E7 Conductor ground (S) | 3.8E7 Al
Al
t patch (um) 2 t ground (um) 2
er substrate BCB 2.56 Directivity (dB) 6.96
Loss tan substrate 0.002 Gain (dB) 4.90
H substrate (um) 50 Efficiency (%) 62
L inset (um) 480 S11 at fr (dB) -32
W inset (um) 50 BW at -10 dB (GHz) 0.9
(1.5%)
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Figure 16: HFSS simulation results: (a) Input return loss (S;4) (b) Smith chart (S;;) (c) Radiation patterns (d) 3D polar radiation
plot.
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The patch antenna can be fabricated above an integrated circuit chip using the backend process flow
illustrated in Figure 17. The idea is to first deposit the ground plane contact metal, then deposit the BCB
layer, and finally deposit the top level patch and drive metal. These low temperature operations should
not disturb the underlying integrated circuitry.

CMOS Chip

Step 0: CMOS Bare Chip Pad (Feed) Pad (GND)

GND Plane

Step 1: 1st Metal Definition (2um Al)

Pad (Feed) Pad (GND)

BCB GND Plane

Step 2: Interlayer Dielectric (50um BCB)

Pad (Feed) Pad (GND)

Patch Antenna

GND Plane

CMOS Chip

Pad (Feed) Pad (GND)

Step 3: 2nd Metal Definition (2um Al)

Figure 17: Back-end process flow for the on-chip patch antenna
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ON-CHIP FREQUENCY REFERENCE

CRYSTAL AVOIDANCE CHALLENGE

A typical state of the art highly integrated radio contains about 9 to 15 components in addition to a
power source and printed circuit board. For instance, a 2.4-GHz ZigBee radio requires a crystal, two
crystal load capacitors, three decoupling capacitors, an RF IC, an antenna, and a balun to implement the
system. Any off-chip component will add cost and packaging issues that will compromise the uNode cost
and size objectives. The use of an off-chip crystal to stabilize the frequency reference is particularly
objectionable in that the crystal itself will have to be protected against vibration, shock and temperature
variation. The preferred uNode design approach is to devise a means for relaxation of the stability
requirement for the reference frequency such that it is practical to use an on-chip non-crystal stabilized
oscillator. Working with Motorola Labs, UFL has established and verified a technique called “differential
chip detection” (DCD) that accomplishes this. The initial DCD based pNode design was carried out at 24
GHz, and for the purposes of this research it was redefined for use at 5.2 GHz or 2.4 GHz.

DIFFERENTIAL CHIP DETECTION APPROACH

Differential detection can be used as a low-complexity alternative to coherent detection in systems that
can withstand a modest sensitivity penalty [COUC93]. Differential phase shift keying (DPSK) and
differential quadrature phase shift keying (DQPSK) are common examples in which a delayed version of
the previous symbol is used as a phase reference for demodulating the present symbol. These methods
can tolerate a small amount of phase drift between adjacent symbols, and frequency offsets are limited
to a fraction of the symbol rate. For direct sequence spread spectrum (DSSS) systems, performing
differential detection at the chip level instead of symbol level extends the frequency offset tolerance to
a fraction of the chip rate [GORD04] [COLA02] [SHIO2] [CAVA97]. For typical DSSS systems, with
processing gains of 10 to 30 dB, this represents a relaxation of one or more orders of magnitude in the
frequency stability requirements of the transmitter and receiver.

The basic processing steps used in differential chip detection are illustrated in Figure 18. An input chip
at time index k includes unwanted phase noise 6, and frequency offset w,. The differential detector
multiplies the present chip by the conjugate of the previous chip, thereby converting the frequency
offset to a phase term, ®.T. and producing a differential phase noise term A6, = 6, - 6,.;. If the PN
sequences representing each symbol are differentially encoded prior to transmission, then the
differential chip detection, ckck_l*, will produce the desired PN sequence values at its output.
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Figure 18: Differential chip detection block diagram

BASELINE PHY OVERVIEW

The baseline PHY uses a DSSS technique in which each data symbol is represented by one of 16 different
PN sequences. The PN sequences are selected to be approximately orthogonal, and as a result, this
technique can be viewed as 16-ary orthogonal modulation. The DCD bits corresponding to the selected

PN sequence are modulated onto the carrier using Offset QPSK (O-QPSK) with half-sine pulse shaping, as
shown in Figure 19.

B-bit
Symbol PN Sequence
Value Selection
i A B R & Differential Half-Sine
S )
C\ 03 & §dd Encoding Pulse
Bits | Serial g 110t ¢ Shape
— 0 ¢ beb & o Col s _|oapsk | h. AL m
Parallel - % . | Mod.
L7700
ST T T

Figure 19: Block diagram for M-ary quasi-orthogonal modulator.

The modulation format extends the use of DCD to 16-ary orthogonal signaling, offering improved
detector performance at the expense of increased demodulator complexity. For general M-ary
orthogonal signaling, a group of B information bits is used to select one of M = 2® orthogonal waveforms
for transmission during a symbol period. The M=16 orthogonal waveforms are actually different PN
sequences, making it possible to apply DCD during demodulation. The set of sequences {sg, S1, ..., Sm-1}
comprising the M-ary symbol alphabet consists of M cyclic shifts of an m-sequence. Since m-sequences
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are known to have good autocorrelation properties, the resulting set of sequences will have good cross-
correlation properties (nearly orthogonal), as well as good autocorrelation properties for each individual
symbol.

BASEBAND RECEIVER ARCHITECTURE

The uNode digital baseband receiver is comprised of a differential chip decoder (DCD), inner and outer
correlators, a preamble detector, symbol demodulator, start of frame delimiter (SFD) detector and
received signal strength indicator (RSSI) calculation block. Figure 20 presents the functional block
diagram for the receiver.

(P (™)
\Gen/ 145 1e \Gen
f — *, e + B
BB | data Timin
—» Diff. Chip|® Inner | Outer |- Hemvgry | »| Demod
—» Decoding»Correlation —» Caorrelationf—»
BB Q data 9 .—-;\":' — e Symbol

¢ r

Preamble
Acquisition

Figure 20: Block diagram for the pNode Receiver

The receiver implements a direct-sequence spread-spectrum transceiver with differential chip detection.
The modulation format is a constant envelop O-QPSK with half-sine pulse shaping (or MSK). The data
rate is 100Kbp/s equivalent to a symbol rate of 25Ksym/sec. Since the each symbol is spread by a factor
of 256 the resulting chip rate is 6.4MChips/sec.

Each packet consists of preambles, start of frame delimiter (SFD), number-of-payload (NOP), variable
payload, and an optional cyclic redundancy check (CRC). The preambles are used for symbol
synchronization and AGC control, and frame synchronization. The differential chip detector operates on
5-bit | and Q samples from the A/D channels to remove phase offsets between transmitter and receiver,
while mitigating frequency offsets as well as phase noise.

A cascaded hierarchical PN code structure (16 inner PN code and 16 outer PN code) is employed to
implement the correlation. This structure simplifies the correlator implementation as it requires only
N+M taps, as opposed to N x M taps for an arbitrary PN sequence of the same length. From the
perspective of the correlator, the two main modes of the receiver are acquisition and demodulation. In
acquisition mode, the preamble is being sought, and since initial timing synchronization has not yet
been established, all incoming sampling phases must be correlated with all possible rotations. In
demodulation mode, the preamble has been found already, so initial timing synchronization indicates
symbol boundaries.
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Symbol timing recovery is accomplished using information gleaned from the preamble, a sequence of
symbols known a-priori by the receiver. The border between individual preamble symbols is determined
and used to produce an initial estimation of symbol time slots, based on inner correlation results stored
in the input memory of the outer correlator. The received signal strength indicator (RSSI) block
estimates the energy in the channel by calculating the magnitude of the incoming baseband signal over
a symbol period, effectively giving the average RSSI.

DIGITAL BASEBAND PROCESSING AND DESIGN

The system architecture of a uNode digital baseband processor is shown in Figure 21. It consists of two
main subsystems: the transceiver and the processor. The transceiver subsystem receives and transmits
signals as commanded by the processor subsystem. The processor subsystem executes the
communication protocol and records application data. Commands and status are communicated
between the two subsystems over an all-purpose bus, while received and transmitted symbols are
transferred over a high-performance bus.

B AR SRR EEE SRR EEE R

*

*

: Receiver :
| Enable <=
Receive I Received
. Symbol <4 .
Samples <5> Receiver | :
Recei Signal Eterrupt 1
H g =] ;
Sari:;i‘f-:ﬁﬁ:- Processing % '
» RSSI <16> UART
: —> Interface
: uP e >
: Symbal to
Transmit M .
| Samples <4> | Transmitter ::'alt&rruutt .
3 E— Si equest < :
ignal :
Transmit P g . Transmitter :
Q Samples <4> rocessing Enable <1> :
:

EEEERE NI

(R ]

Figure 21: Block level diagram of the pNode digital signal processor

DIFFERENTIAL CHIP DECODER AND INNER CORRELATOR IMPLEMENTATION

DCD is the first block in the signal path of the receiver. The | and Q signals are received as half sine pulse
shaped signals, four samples each 5 bits long represent each half sine wave. As shown in Figure 223,
these samples are multiplied by complementary samples delayed by one chip period, and then the
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results are subtracted. This implements both the parallel to serial conversion and differential chip
decoding simultaneously.

Since there are four samples for each half-sine pulse, the DCD outputs two samples per chip, which are
even and odd phases. The even correlator selects only the even phases, while the odd correlator selects
only the odd phases. The detailed waveforms of the inputs and outputs of DCD are shown in Figure 22b.
Two phases, i.e. even and odd are generated for one chip c,. The same thing happens for c,,;. Due to the
subtraction, if ¢, is the chip, then ¢, is the inverted version of the chip. Thus the resulting PN sequence
is the alternately inverted version of the PN sequence from the transmitter. Table 9 shows a sample
sequence encoded by the transmitter and decoded by the receiver. At the transmitter each PN
sequence bit is simply XOR’ed with the previous differentially encoded bit, and a reverse of this action
takes place at the receiver.
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Figure 22: Differential chip detection (a) functional schematic and (b) timing waveforms

A processing gain of 256 chips per symbol is implemented using a hierarchical PN sequence comprised
of a 16 chip inner correlator and a 16 chip outer correlator. A block level functional diagram of the inner
and outer correlators is shown in Figure 23. The inner correlator is implemented using a simple digital
shift register. Since the DCD operates on 5 bit | and Q data sequences, the inner correlator is
implemented with 10x16 elements. Multiplications of the PN chips by samples are implemented using
multiplexers. The output of the inner correlator is fed to the outer correlator which exhibit peaks at
every 16 samples as a result of the inner correlation. The outer correlator is implemented using a
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memory file approach. In order to reduce the power dissipation, rather than shifting each register every
clock cycle, individual registers are individually enabled by a pointer to store an incoming sample.

Table 9: Differential Chip Encoding/Decoding

Transmitter Receiver

Positive PN 16 Negative PN 16 Recovered Positive PN 16
PN ENCODED Q I PN ENCODED Q I Q I DCD PN
0 0 0 1 1 1 0 0 0
0 0 0 1 0 0 0 0 0
1 1 1 0 0 0 1 1 1
1 0 0 0 0 0 0 1 1
1 1 1 0 0 0 1 1 1
0 1 1 1 1 1 1 0 0
0 1 1 1 0 0 1 0 0
1 0 0 0 0 0 0 1 1
0 0 0 1 1 1 0 0 0
0 0 0 1 0 0 0 0 0
1 1 1 0 0 0 1 1 1
0 1 1 1 1 1 1 0 0
1 0 0 0 1 1 0 1 1
1 1 1 0 1 1 1 1 1
0 1 1 1 0 0 1 0 0
1 0 0 0 0 0 0 1 1

Outer PN sequence

Rotated to
|_) | | l | l ” I | perform outer
Inner PN sequence

correlation

v - -
To multiply
? —> units and tree

adder

NN N T e e o
Digital shift register
10 by 16 inner cor IZI I:I |:'

Figure 23: Correlator Peak detection

Figure 24 shows the memory architecture for the outer correlator. It consists of 16 two port SRAMs each
32X8 bits. The first 16 rows form Bank 0 and the remaining rows act as Bank1. The outer correlator
operates in two modes: acquisition mode and demodulation mode. During acquisition mode, the start of
a preamble in a packet is sought. All timing phases (rows) are correlated with all 16 circular shifts of a
16-chip preamble PN sequence as shown in Figure 24. A counter keeps track of the instant in time when
the peak occurs.
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Once the symbol synchronization is achieved using the preamble, the start of following symbols is
located. A ping-pong addressing scheme is used to fill the register file to relax the timing constraints.
While one bank is filling with incoming samples, demodulation is performed in the other bank as was
shown in Figure 23. Dotted arrows indicate the way the samples are filling the memory. During the
demodulation mode, only five phases (-2, -1, 0, +1, +2) are needed for time-drift tracking. While the first
five phases in Bank 0 is enabled for write, the dotted area in Bank 1 is used for correlation. Even though
the preamble has been acquired, symbols can drift depending on the channel conditions. By using only 5
phases, overall power consumption can be reduced, since this avoids writing and correlating all the

phases during demodulation.
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Figure 24: Memory Architecture of Outer Correlator

TRANSMITTER ARCHITECTURE

As mentioned earlier the baseline PHY uses a DSSS technique in which each data symbol is represented
by 4 data bits. Each 4 bit data symbol had to be mapped to a 256 bit long PN sequence. This is
accomplished by using a hierarchical PN code structure as mentioned earlier. As can be seen in Figure 25
based on the incoming symbol bits one out of 16 PN sequences is selected as the outer PN code. The PN
sequences are selected to be approximately orthogonal, and as a result, this technique can be viewed as
16-ary orthogonal modulation. Based on each bit of the outer PN code the sign of inner PN sequence is
decided. A set of cyclically shifted m-sequences is used to form the PN sequences. The symbol
sequences are concatenated and passed to the differential chip encoder. The differentially encoded bits
corresponding to the symbol are modulated onto the carrier using Offset QPSK (O-QPSK) with half-sine

pulse shaping.
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Figure 25: Transmitter Block
ON-CHIP REFERENCE OSCILLATOR APPROACH

Differential chip detection (DCD) relaxed the requirements for reference oscillator stability to the point
that crystal stabilization is not required. For the specific DCD parameters established for this research a
stability of £100 ppm over the anticipated temperature and voltage operating ranges was more than
adequate. From the point of view of a uNode assembly operating in the field, the battery characteristics
will define the allowable temperature range. For the purposes of oscillator design, that limitation was
ignored, and the circuit was planned for operation over the entire military temperature range. The
design goal was to achieve a frequency stability of +100 ppm over the -55°C to 125°C temperature
range. To assure accuracy of the reference frequency, the goal was to incorporate circuitry into the
oscillator subsystem that facilitates a onetime initial calibration followed by automatic compensation for
temperature changes during normal operation.

Working under a subcontract, Kairos Microsystems Corporation performed the design of a suitable
oscillator based on a 130 nm CMOS process. Simulations confirmed that the circuit achieved better than
the 100 ppm stability required. For the purposes of the power minimization study, the current and
power estimates obtained from the 130 nm design were scaled to estimate the current and power for a
65 nm CMOS design.
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POWER MINIMIZATION

The chosen research vehicle, a uNode, when used for a semi-covert type of military application requires
that the node size be so small as to be non-obvious to the casual observer. Size will be driven by the
battery dimensions since the uNode chip itself will be only a few millimeters on a side. In turn, the
battery size will be driven by the power and energy requirements for the mission. Thus, minimum power
dissipation in the uNode functional blocks is an essential requirement.

In a seedling effort with severe limits on time and funding, it was not appropriate to do the complete
analyses required to fully determine power dissipation in all the individual blocks. Nor was it appropriate
to explore various switching power management schemes. The effort was focused on setting workable
dissipation goals for the functional parts of the uNode as implied by the visualized mission, and then
examining via simulation whether it is feasible to meet those goals.

For the purposes of this research, it was assumed that the pNode will be battery powered. As shown in
Figure 26, two 85% efficient regulators were assumed to be used for developing the voltages needed for
the RF mixed signal circuits and the digital circuits.

Voltage 1volt Voltage
Regulator vo Regulator

—0.6 volt

Figure 26: Power system for pNode
POWER SOURCE ISSUES

The uNode power source must meet both energy density and peak current demands. The best present
day battery technology for energy density is the zinc air option, but a zinc air battery has very limited
peak current capability. Large capacitors would have to be added to provide peak currents, and the
added cost and volume would make it difficult to meet the uNode cost and size objectives. Preliminary
puNode designs have been carried out assuming a CR1025 lithium/manganese dioxide battery with an
energy capacity of 30 mAh. It has the capability of sourcing peak pulsed current of 15 mA. At 0.1% duty
cycle and peak power consumption of 5 mW, this small sealed battery has sufficient energy for an
operating lifetime of one year which is sufficient for most uNode applications. In addition, this coin
battery is small enough to allow realization of the desired uNode marble configuration.

BLOCK SHUT-DOWN STRATEGY

Establishment of an over-all power management strategy and specific scheme will play an important
part in the eventual final design of a uNode device. This fact is mentioned here to make clear that this
aspect of power management is not being overlooked. It is, however, not going to be treated in any
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detail during this seedling effort. The system plan calls for being operational in transmit or receive
modes about 0.1% of the time. For 99.9% of the time the system will be sleeping. Design of an
appropriate activation scheme is to some extent mission dependent, and thus is a development task (as
opposed to being a research task). It is anticipated that leakage current and the power associated with
standby circuits will constitute the power dissipation during the sleep.

POWER DISSIPATION BASELINE TARGETS AND SIMULATION RESULTS

The power minimization study considered several alternative overall architectures for implementing the
uNode functions, and examined alternative ways to design individual functional blocks within those
architectures. Table 10 captures both the power design targets established for individual functional
blocks and the simulation results for the most representative version of the functional block.

The goal for the total uNode chip operating power was 5 mW. Operating power means the power during
a receive operation, or the power during a transmit operation. Receive and transmit do not occur at the
same time. This objective was intended to provide some indication of what the peak demands would be
on a battery. Receive and transmit will occur with a low duty cycle (0.1 %), so the average power will be
low. Estimation of the various standby type modes that would determine the average power requires a
more detailed design, and was beyond the scope of this seedling research.

The simulations confirmed that it is reasonable to assume that achievement of operating power levels
near 5 mW is feasible. A metric that is often mentioned for transceivers is the communication energy.
Including both transmit and receive energy for 100 kbps, the communication energy was projected to be
100 nJ/bit.

Table 10: Summary of puNode operating power dissipation

Supply Power (mW) Tx Blocks Supply Power (mW)
Rx Blocks V) ' ' (V) ' '
Target Simulation Target Simulation
Mixer 1 0 0.88 PA 1 1 1.48
LNA 1 0.7 0.46 Modulator 1 0.5 0.49
Multiphase 1 0.4 0.18 Multiphase 1 0.4 0.18
VGA/LPF 1 0.5 0.52 -
PLL/VCO 1 2.5 241 PLL/VCO 1 25 241
ADC 1 0.3 0.3 -
Bias 1 0.1 - Bias 1 0.1 -
Subtotal 1 4.5 4.75 Subtotal 1 4.5 4.56
Digital 0.6 0.8 0.46 Digital 0.6 0.8 0.46
Total 5.0 5.21 Total 5.0 5.02
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DIFFERENTIAL VERSUS SINGLE ENDED ARCHITECTURE

Obviously the choice of circuit architecture for the uNode has a significant impact on the power
dissipation. The two major alternatives considered were a differential front end versus a single ended
front end. Figure 27 was an example of a differential RF approach. Here the antenna interface was
simplified by the use of a transformer balun. In the receiver, the first functional block was a passive RF
mixer rather than a low noise amplifier (LNA). This strategy minimized the impact of the power hungry
high frequency circuit.

If a double balanced mixer were used to accommodate the differential input, then eight local oscillator
(LO) amplifiers would be required to form the | & Q paths. The current consumption per amplifier would
be about 200 to 300 pA to provide sufficient drive in a 2.4 GHz design. Thus, the overall current
consumption for just the buffer amplifiers in the receiver (RX) path amount to 1mA. In addition, two
more buffer amplifiers consuming 200 to 300 pA were required to drive the differential power amplifier
(PA) in the transmitter (TX) path. Considering the entire differential transceiver (TRX), the buffer
amplifiers would consume 1.5 mA, or 1.5 mW from the 1 V supply voltage. With 30% of the target
HNode power consumption of 5 mW being lost in buffer amplifiers, it was concluded that the differential
RF front-end architecture was not an appropriate approach.
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Figure 27: Differential RF front-end pNode

In the single ended architecture shown in Figure 28, an antenna connects to the front-end through an LC
matching circuit. A single balanced mixer and a single-ended PA is used in RX and TX respectively. Thus,
the number of the power consuming buffer amplifiers in RF mixers and the PA was half of that for the
differential RF front-end architecture, and a considerable power reduction results.
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The optimal load impedance for a sub-mW PA was in the range of 100’s to 1000’s of ohms, so the LC
matching network must boost the antenna impedance. This network provides about 10 dB voltage gain
at the RX input and reduces the noise figure burden of the LNA. This also mitigates the power
requirement for the LNA.

For power efficiency the transmitter architecture employed a direct modulator. This was a considerable
simplification compared to a quadrature mixer based approach. It avoided having to include a digital to
analog converter (DAC) and a low pass filter (LPF).
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Figure 28: Single-ended RF front-end pNode
RECEIVER DESIGN

The receiver approach presented in Figure 29 down converted the 2.4 GHz RF signal directly to
baseband. The antenna was interfaced to an impedance transformer that fed | and Q mixers. The
baseband output was fed to an amplifier chain. In the receiver analysis, the monopole antenna was
assumed to have a 50 Q source resistance. The impedance transformer raised that impedance to 200Q.
Two balanced passive mixers formed the second stage, and generated | and Q signals using four phases
from the 2.4 GHz LO. The first amplifier after the mixer has a lower noise figure than the variable gain
amplifier (VGA) stages that follow. This low noise amplifier (LNA) improved the overall noise figure. The
VGA consisted of nine stages where the overall gain was controlled in 6 dB steps by a 3 bit digital word.
The | and Q outputs drive an analog to digital converter.
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Figure 29: Receiver block diagram

One side of the front end of the receiver circuit was illustrated in Figure 30. The diagram includes the
passive impedance transformer, the balanced passive down converter mixer, and a resistive feedback
inverter. The two NMOS transistors forming the mixer do not consume power (excluding that of the LO
driver). Because only a single mixer was required, the number of LO drivers was cut in half.

T—H—WT v
e

GND

Figure 30: One half of the receiver front end circuit

The resistive feedback inverter offered some advantages. No external bias circuit was required because
the feedback resistor determined the bias depending on the ratio of the NMOS and PMOS transistor
widths. This arrangement avoided requiring a DC blocking capacitor that attenuates low frequency
signals. .

Simulations using IBM 65 nm low power CMOS predicted 40 dB gain and 11.8 dB noise figure for the
front-end circuit. Power consumption was 460 uW for the two amplifiers, and 880 uW for the four LO
drivers. The total power for the front-end was 1.34mW.

Figure 31 shows the basic cell used to form the variable gain amplifier. The each cell provided 6 dB of
gain, and the number of cells was activated by 3 to 8 decoder controlled by input of a 3 bit word. The R1
to R2 ratio determines the gain of the cell.
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Figure 31: VGA basic cell

The first stage of the VGA has a fixed gain of 12 dB. It was followed eight basic cells that provide 6 dB

each. Thus the minimum gain is 12 dB, and the total gain can be varied in 6dB increments up to the
maximum of 60dB.

As summarized in Table 11, the receiver total gain was about 100dB and the noise figure was about
12dB. The power consumption was 520 uW for the two VGA’s. Total power for the receiver was

1.86mW. Since none of these circuits were optimized, it was expected that further power reduction was
a reasonable expectation.

Table 11: Receiver simulation results

Z-Tr. Mixer | LNA VGA Total

Gain (dB) 13.4 -3.6 30.1 60 99.9
NF (dB) 1.5 9.2 11.2 21.5 12
Power (mW) | 0 0.88 0.46 0.52 1.86
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TRANSMITTER DESIGN

Figure 32 shows transmitter functional blocks for the OQPSK (MSK) direct digital modulator. MSK is a
constant envelope modulation scheme where phase varies linearly in the time domain.
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Figure 32: Transmitter OQPSK (MSK) direct digital modulator

The modulator was composed of an 8-to-2 phase multiplexer (MUX), a 2-to-1 phase interpolator, and
control logic. The modulator generates a discrete (4-step) linear phase in one data period by controlling
the incoming 8-phase LO signal with the phase MUX and interpolator. Then, the modulated signal is sent
to the antenna via a class-D power amplifier. The frequency divider driven by a quadrature 4.8 GHz input
generates an 8-phase 2.4GHz signal output.
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INJECTION LOCKED 4.8 GHZ FREQUENCY DIVIDER

The structure of the frequency divider and the delay cell building block was presented in Figure 33.
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Figure 33: Injection locked frequency divider (a) and delay cell detail (b)

The 4-stages of delay cells form an 8-phase ring oscillator that oscillates around 2.4GHz. When a 4.8GHz
qguadrature signal was injected to the ring oscillator, the oscillator was locked to 2.4GHz. Simulation
showed that the locking range of the divider was about 4GHz with a 100mV input signal.

PHASE MULTIPLEXER AND INTERPOLATOR

Figure 34 shows the Type-l and Type-Il phase multiplexers. The Type-l phase multiplexer, which has a
differential input, selects non-inverted or inverted phase signals using switches A and B. The Type-II
phase multiplexer, which has two differential phase inputs, selects one differential input signal using

switches A and B.

Figure 35 shows a phase interpolator which has two differential phase inputs. If the switch A is enabled,
the S1 differential phase is selected. If the switch Cis enabled, the S2 differential phase is selected. If the
switch B is selected, the interpolated phase between S1 and S2 is generated at the output. Thus, the
phase interpolator can generate the desired signals with eight different phases at the output.
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CLASS-D POWER AMPLIFIER

Figure 36 shows the class-D power amplifier where the buffer amplifier was an inverter. The load

impedance of PA was targeted for about 200Q). The output power of this PA was -3dBm. The simulated

drain efficiency is 42%. Power consumption is 1.15 mW for a 1 V supply voltage.
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Figure 36: Class-D Power Amplifier

TRANSMITTER SIMULATION RESULTS

Transmitter simulation results were summarized in Table 12. The total power dissipation was 2.15mW
for a 1V supply voltage

Table 12: Transmitter simulation results

o [ oo [ e | e | o
Power (mW) 0.18 0.32 0.17 1.48 2.15
PA Drain Efficiency (%) - - - 42 -
PA Output Power(dBm) - - - -3 -
Lock-In Range [GHz@ 100mV] 3.5 - - - -

FREQUENCY REFERENCE POWER

The power consumption of the reference oscillator block was summarized in Table 13.

Table 13: Power Consumption of each block

130 nm CMOS| 65 nm CMOS
Blocks mwW mwW
5GHz DCO 1.4 0.5
Fractional divider 3.85 1.17
Buffers + AAC 2.45 0.74
Calibration Circuits 0 0
Total 7.7 2.41

The power consumption of fractional divider was based on the assumption that the step size was 0.5.
The 130 nm CMOS estimates were obtained by simulation. The 65 nm CMOS estimate was scaled from
the 130 nm results.
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DIGITAL POWER

The digital portion of the uNode implemented in 65 nm CMOS was estimated to dissipate about 460
MW. Considerable analysis was required to obtain this estimate because a design library was not
available to the 65 nm process. The discussion below explains the how the power was investigated.

A uNode Transceiver was implemented in VHDL and synthesized to estimate the area and power
dissipation. The transceiver was essentially redesigned and scaled for a processing gain of 256. The core
was functionally verified. Although the goal was to implement the design in IBM’s standard 65nm CMOS
process, due to the lack of digital libraries, it was necessary to instead synthesize the transceiverin a
130nm CMOS process. Figure 37 shows a layout of the uNode transceiver measuring 750um x 750um in
130nm CMOS. The area breakdown of the core components clearly indicates the outer correlator as the
dominant component of the design. Correspondingly, a significant amount of power is consumed by the
memory of the outer correlator. Power estimates of the pNode operated at 6.4MHz indicate that the
transceiver dissipates ~1.53mW in 130nm CMOS, and the outer correlator dissipates 73% of the total
power (see Figure 38 and Table 14).

#Node DSP in
130nm CMOS

Timing Symboy
Synchronization Demodulator_Transmitter
2%

Preamble Detector
4% E

Inner Correlator
18%

Outer Correlator
72%

Area Distribution

W

€ 750um

Figure 37: pNode digital signal process 130 nm CMOS layout
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Table 14: Digital power estimates for 130nm CMOS process

Synthesis Power Estimate Power
(130nm CMOS) (LWatts)
Transmitter 114
Receiver 1414
DCD 35
Inner Correlator 217
Outer Correlator 1106
Preamble Detector 35
Timing/Synchronization 20
Symbol Demodulation 1
Transceiver Total 1528
- g Symbol
Timing  pemodulator _
Synchronization 0% Transmitter

1%
Preamble
Detector

2%
Inner Correlator

15%

Outer
Correlator

73%
Figure 38: Digital power distribution

To estimate the power dissipation of digital baseband processor in 65nm technology, the power
consumption of various logic data paths in 130nm and 65 nm technologies was compared. Table 15
shows a comparison of the power dissipation at 6.4MHz and 1V supply voltage for various digital circuits
in 130nm and 65nm technologies obtained via SPICE simulations. The scaling factor for the average
power ranges from 3.1x to 3.5x, and the static power ranges from 17.2x to 20.1x. Assuming an average
power scaling factor of ~3.3x, this suggests that the uNode implemented in 65nm process would scale
from ~1.5 mW to approximately 460 uW. A much larger scaling in leakage power is observed as the
130nm digital library employs high-speed (HS) logic whereas the target technology in 65nm uses
standard devices (SD).
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Table 15: Power comparison for various digital logic blocks in 130nm and 65nm

Functional Part Type Power 130HS 65nm SD Scaling
Avg. Power 6.92 uW 2.14pW 3.23X

64 Bit FIFO
Static Power 199.1nW 11.53nW 17.26X
Avg. Power 782.3nW 249.2nW 3.14X

8 Stage LFSR
Static Power 40.25nW 2.06nW 19.53X
8 Stage LFSR and a 8bit Avg. Power 3.526 pW N 3.52X

ripple carry adder and a

8:256 decoder Static Power 366nW 18.17nW 20.14X

In order to validate the SPICE simulations, individual transistors and inverters were characterized to
estimate the capacitances, short circuit currents and leakage currents for both 130nm and 65nm logics,
as shown in Table 16 though Table 19.

The results for gate capacitance per unit area indicate that the resulting equivalent oxide thickness in
this 65nm process does not strictly scale to mitigate increasing gate leakage currents caused by
tunneling. As a result, the expected increase in gate capacitance per unit area over two technology
nodes (i.e. from 130nm to 65nm) does not double (assuming a 0.7x scaling per node). Thus, the
expected power dissipation scaling factor due to dynamic power more than doubles, as indicated in
Table 15.

The total capacitance scaling factor per unit micron of transistor width was ~1.5x, as indicated in Table
17 . Since the transistor width from 130nm to 65nm scales by a factor of 2x, the total switched
capacitance is expected to scale by 3x. Thus, the dynamic power scales by a factor of 3x. This is slightly
lower than the simulation results in Table Ill. This is attributed to short circuit power dissipation, which
scales on average by a factor of 4x as shown in Table 16.

Table 16: Gate capacitance per unit area in 130nm and 65nm

130nm HS 65nm SD
Size NMOS PMOS NMOS PMOS
1u/lu | 11.55fF/um? | 11.02 fF/um? | 13.45fF/um?® | 12.47 fF/ um?
3u/3u | 11.41fF/um? | 10.83fF/um?® | 13.24 fF/um?® | 12.17 fF/ um?
6u/6u | 11.38 fF/um?® | 10.78 fF/um? | 13.16 fF/ um?® | 12.09 fF/ um?
10u/10u | 11.36fF/um? | 10.76 fF/ um? | 13.16 fF/ um’ 12 fF/ um?

The exact breakdown between dynamic and short circuit power depends on edge rates, fanout and logic
style, along with implementation details of the processor. However, it is reasonable to assume that a
larger fraction of the power dissipated is due to dynamic switching capacitances. lor leakage currents
shown in Table 19 for the two technology nodes scale by roughly 21x, which appears to be in good
agreement with simulated results. These results are only a rough estimate and the actual power
consumption may vary slightly depending on the implementation details and accuracy of the models
used herein.
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Table 17: Capacitance per unit micron of transistor width in 130nm and 65nm

130nm HS 65nm SD Scaling Factor
Cin 1.37 fF/um 0.79 fF/um 1.73X
Cout 0.82 fF/um 0.65fF/um 1.26X
Ctotal 2.19 fF/um 1.44 fF/um 1.52X
Table 18: Short circuit current in 130nm and 65nm
130nm HS 65nm SD Scaling Factor
Pscht 33.64 7.19 4.86
Pscin 30.05 8.32 3.6
Average 31.83 7.76 4.1
Table 19: I and Gate leakage per unit area in 130nm and 65nm
130nm HS 65nm SD Scaling Factor
loff 14.44nA/um?2 2.67nA/um2 21.2
Igon 0 51pA/um?2 -

ANALOG PROCESSING ALTERNATIVES

The potential application of analog circuitry to reduce power and improve overall performance of a
MNode system was investigated. Two promising alternatives were identified.

SUMMARY OF ANALOG ALTERNATIVE APPROACHES

The first approach was to use error control coding. Special classes of iterative codes including Turbo
codes [BERR93], LDPC [GALL63] and Linear Block Codes [ELIA54] can help achieve very low bit error rate
and be decoded using iterative decoders. These decoders are expected to provide 3dB to 6dB coding
gain [VUCEOQ]. This coding gain allows for the RF subsystem to consume less power and relaxes the
stringent constraints (size and gain) of the antenna design for the pnode project.

Typically 3dB coding gain can allow reduction in transmit power by half or a 3 dB decrease in required
antenna pair gain. A 3dB increase in coding can also be used to extend the projected 20 m
communication range between nodes by a factor of 1.5. Typically a BER of 10~ is possible with iterative
decoders [WINSO5]. Possible analog implementations of these iterative decoders make them attractive
for low power applications. Among many low power analog iterative decoders a (8, 4) trellis low voltage
decoder consuming only 2.4uW at 0.5V for 0.18 pm technology operating at 69 kbits/s has been
reported [SCHLO7]. The data rate of the unode system is 100Kbits/s which means that a decoder will be
required with about the same bandwidth and technology as the decoder cited above.

The second approach targets reduced power consumption in the analog and the digital baseband
systems. In the current design, the ADC in the analog baseband has to run at chip rate which is 6.4Mbps.
In digital baseband the DCD decoding and DSSS “de-spreading” blocks consume most of the power. It is
possible to use analog processing techniques to implement DCD decoding directly on sampled analog
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values. Then using analog correlation techniques, discrete time sampled analog values can be DCD
decoded. An ADC now running at a symbol rate of 25 kS/s can be used for symbol detection. The
reduction in ADC operating speed is expected to save two orders of magnitude of power in the analog
baseband [ONOD98]. The analog correlation also saves power by removing costly blocks such as
multipliers and adders. Only the synchronization and timing control needs to be done in digital, but
current research is also focusing on doing this analog [DAUWO04].

Optimum power savings are achieved when both of the analog processing techniques are combined to
provide system wide benefits. Incoming discrete time sampled data can be decoded using an analog
DCD decoder and the samples input to an analog correlator. The output of correlators can be used as
probability estimates for symbols that were transmitted and input to an analog iterative decoder.

RESEARCH PERFORMED

1. Detailed study of the digital baseband architecture to determine where analog signal processing

can provide savings in power and area.

2. Study of error control codes, specifically iterative error control codes and how they can relax

constraints on the RF and baseband analog subsystems.

3. Asurvey of published analog iterative decoders and their evaluation in terms of power and area
to decide their suitability to the pNode project.

4. Simulation of a simple [5, 2, 3] linear block code using analog signal processing.

5. Evaluation of problems concerning usage of nanoscale CMOS technology for analog signal

processing circuits.

6. Research on possible ways to implement differential chip detection and direct sequence spread

spectrum correlation in analog to save power.

ITERATIVE DECODERS

Error control codes are used to reduce or effectively eliminate the occurrence of errors in information
that is transmitted over a communication channel. Iterative decoders are a type of special error control
codes which give performance close to the theoretical Shannon capacity limit. The Shannon capacity
limit has long been known as a bound on the performance of error control systems [SHAN48]. Turbo
Codes [BERR93], Low Density Parity Check Codes [GALL63] and Block Product Codes [ELIA54] can
approach this limit on Gaussian channels. However, to achieve this high performance with these codes
is still a challenging problem. This is accomplished through iterated estimation of the transmitted
message. First, an entire block of data is received and decoded. Then the same block is decoded again
and again achieving improved results each time. [HAGE96].

The benefit of the error control system is that it allows for error free transmission, thus relaxing
constraints of signal energies, antenna performance and/or extended range. However owing to their
complexity, iterative decoders can quickly outweigh these advantages by consuming more power and
area when implemented in hardware with digital circuits. To overcome this limitation analog iterative
decoders were proposed [WINSO5]. Implementation of iteration is natural to the analog domain as it
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requires only the natural settling time of the circuit. Moreover, the analog circuits work on discrete-time
sampled analog values and produce a digital output in the end, eliminating the need of a costly, high
speed and power hungry analog to digital converter. Figure 39 shows how an analog decoder would
replace a digital decoder in a communication system.

analog : digital
: " digital
—~{ demodulator} ~{S/H}~<A0C}* docoder ™

from
channel "
i

_ analog | |
—~{demoduiatort St} decen - F 1+

analog : digital

Figure 39: Replacing digital decoder with analog decoder

For the unode system, the position of the analog decoder can be decided in two ways. If the existing
decoding for Direct Sequence Spread Spectrum (DSSS) with Differential Chip Detection (DCD) is kept as it
is in the digital domain, then the digital values generated by the inner correlater can be converted to
soft current inputs to an analog decoder using a standard current steering digital to analog converter.

However a higher impact option is to implement the DSSS and DCD in the analog domain and use the
analog values as the input to the analog decoder. Table 20 and Table 21 list the reported and fabricated
results for digital and analog iterative decoders respectively. This list has been created after a literature
survey and most of the references can be found in [WINSO5] and [SCHLO7]. More detailed references of
earlier work for analog iterative coders can be found in [WINSO5]. The analog iterative coders listed
below are fabricated in a regular CMOS process. Many other analog iterative decoders in BICMOS and
SiGe process using BJT’s have also been successfully reported but those decoders are not considered
here since the pNode is based on the 65nm IBM CMOS process.

Table 20: Fabricated, measured and reported digital iterative decoders

Code Process Power Throughput Energy/Bit

512 LDPC code 0.16 um, 1.5V 630 mw 500 Mbits 1.26nl/b
3GPP Viterbi Turbo 0.18 um, 1.8V 306 mW 2.048 Mbits 122nJ/b
PCCC Turbo 0.8 um, 5V 1.6 W perit 40 Mbits 160 nJ/b
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Table 21: Fabricated, measured and reported analog iterative decoders

Code Process Power Throughput Energy/Bit

Small turbo code 0.35um 185mW 3.3V 13.3 Mbits 13.9nJ/b
(8,4) Hamming trellis 0.5um 45mW 3.3V 1 Mbits 45nJ/b (core + 10)

Small convolution code 0.25um 20mW 3.3V 160 Mbits 0.125nJ/b
(16,11)2 Product Code 0.18pm 7mW 1.8V 100 Mbits 0.7nJ/b (core+10)

(8,4) Low Voltage 0.18um 0.036mW 1.8V 4.4 Mbits 0.008nlJ/b

(8,4) trellis (low voltage) 0.18um 150uW 0.8V 3.7 Mbits 0.042nJ/b

(8,4) trellis (low voltage) 0.18um 2.4uW 0.5V 69 kbits 0.034nJ/b

The tables clearly show that the analog iterative decoders consume low energy per bit and can replace
digital decoders. Low voltage design techniques [WINS06] lead to low power consumption while still
maintaining high throughput.

The achievable coding gain can range from 3dB to 6dB for iterative decoders. The BER can be as low as
10”. Inclusion of these decoders can be of significant benefit to the RF subsytem of the pNode project.
By increasing the coding gain by 3dB or decreasing the BER, the transmit power required in the power
amplfier can be reduced to almost half. Keeping the power in power amplifier constant, we can extend
the range of communication or relax the constraints on antenna gain. This can all be done because the
excellent error correcting nature of these iterative codes allows for more errors in the system. Also
using error control codes can help in decreasing the packet error rate thereby reducing retransmissions
and hence saving more energy over time.

A DECODER EXAMPLE

To implement these iterative decoding algorithm a generic algorithm called the sum-and-product
algorithm (SPA) is used (Loeliger, et al. 2001). The SPA is used to implement a general framwork for
probabilty propagation. The SPA algorithm implements constraint graphs which express the logical
relation between bits of the codeword. It computes global probabilites using local constraints and is
given by:

P(z=))=n) PGx=kP(y=1)

Decoding algorithms such as trellis decoding using the BCIR algorithm [BAHL74], the turbo products can
be shown to be a subset of the SPA algorithm. The SPA algorithm is very neatly implemented by taking
advantage of the exponential relationship between gate bias and current of a CMOS transistor operating
in the subthreshold region [LOELO1].
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Popular circuits such as the Gilber Vector Multiplier operating in the subthreshold region are used to
multiply probabilties and the necessary sums are computed simply by shorting wires together. These
circuits implement parity check nodes, equality nodes and other types of operations that are required
for implementing these decoders.

Input to these decoders can either be current or voltage with probabilites expressed in the Log

Likelihood Ratio domain. The Gilbert Vector Multiplier implments for two current vectors x and y:
_yx
Dk X

where the current vectors x and y can be designed to be proportion to probabilty masses.

Z

To explore the implementation of this decoding technique in 65nm technology a simple [5,2,3] linear
block code was simulated. This example is outlined in detail in [LUST0O]. Iterative codes generally consist
of such suboptimal but more complex codes connected to each other with some constraints. Hence it is
suitable to try and simulate a simple component decoder of these iterative codes.

The encoder takes two bits at a time and converts them in 5 bits with a Hamming distance of 3 between
each code. A trellis structure for this linear block code is devised and then trellis decoding is
implemented using the BCJR algorithm[BAHL74]. The output of the decoder are currents proportional to
probabilities masses of each of the two bits being a 1 or 0. A hard decision then can be taken on these
current outputs to decide with more confidence as to what bit was sent.

The power supply was kept at 1.2 V and the bias current at 100nA. A total of just 126 CMOS transistors
were used to implement the decoder. The power consumption was just 1.2 pW for 100nA bias current
and 0.7 uW for 50nA bias current. The lower power consumption for implementing this decoder is
encouraging for implementing a more complex iterative decoder. One thing to note here is that, even if
the results of analog demodulation and error decoding are not precise, the error correcting nature of
the iterative codes takes care of moderate numbers of errors introduced into the received data.

ISSUES AT 65NM FOR ANALOG ITERATIVE DECODERS

Short channel effects such as drain induced barrier lowering, channel length modulation and mismatch
lead to variation in subthreshold slope and threshold voltage. There is almost a linear relationship
between DIBL and threshold voltage variation. However there is an exponential relationship between
threshold voltage variation and current in the subthreshold region which severely degrades the
probability calculation of these decoders. The simple solution is to use large length transistiors, but this
can lead to slow speeds due to increased parasitic capacitances. Apart from large lengths, better
mirroring techniques need to be deployed for better matching and lowering drain bias dependence.
[ZARGO08] shows simulated and measured data related to 65nm technology. It shows that mismatch and
DIBL can severly affect the perfomance of these analog decoders, and special care needs to be taken
while implementing these circuits.
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With reduced power supply voltage, headroom also becomes an issue with large stacked stages of
decoders. Folding can be used to reduce the stack size, but it increases power consumption and
decreases speed. Low voltage techniques and mismatch analysis techniques listed in [WINSO5] are
crucial for implementing analog iterative decoders in 65nm technology.

DCD AND DSSS IN ANALOG

Implementing DCD and DSSS correlation in analog can also be an exciting avenue to explore to reduce
power consumption. Morever as stated earlier, the output of these blocks would be discretely sampled
analog values which can used as soft inputs to an iterative analog decoder. Currently to demodulate
DCD DSSS encoded data, first a decoding of DCD is done and then “de-spreading” of DSSS modulated
data is done using digital cross-correlators. This is the most power hungry process in the whole digital
baseband system.

Decoding DCD involves taking products of samples from the demodulated inphase and quadrature
phase components and then subtracting. This can be easily achieved by using the sum-product-
algorithm which was used above to implement the analog decoders.

There has been previous work on implementing analog correlators using bank of capacitors with
promising results(Onodera & Gray, 1998). In the future course of research this idea will be further
explored for implementation and fabrication. The timing recovery and synchronization can still be
performed in digital and can be used to control the analog correlator. This would require a use of analog
to digital converter but only running at the data rate and not at the chip rate. However, research shows
that it may also be possible to implement synchronization schemes in analog [DAUWO04].

FUTURE WORK
1. Implement a more complex iterative decoder and evaluate perfomance in terms of power, area,
SNR, BER, coding gain, mismatch etc.
2. Implement a DCD decoding algorithm
3. Implement an analog correlator for performing the “de-spreading” of the DSSS-modulated data
and integrating it with digital synchronization and timing recovery circuits.
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